Zinc is an essential micronutrient for all living organisms and is involved in a plethora 3 8 of processes including growth and development, and immunity. However, it is unknown 3 9 if there is a common genetic and molecular basis underlying multiple facets of zinc 4 0 function. Here we used natural variation in Arabidopsis thaliana to study the role of zinc 4 1 in regulating growth. We identify allelic variation of the systemic immunity gene AZI1 4 2 as a key for determining root growth responses to low zinc conditions. We further 4 3 demonstrate that this gene is important for modulating root growth depending on the 4 4 zinc and defence status. Finally, we show that the interaction of the immunity signal 4 5 azelaic acid and zinc level to regulate root growth is conserved in rice. This work 4 6 demonstrates that there is a common genetic and molecular basis for multiple zinc 4 7 dependent processes and that nutrient cues can determine the balance of plant growth 4 8 7 1 7 2
Here, we approach study the genetic basis of low exogenous Zn levels on root growth by 1 0 7 exploring natural genetic variation. We find that there is heritable natural variation of root 1 0 8 growth responses to low Zn and that natural allelic variation of the immune gene AZELAIC 1 0 9
ACID INDUCED (AZI1) determines a significant proportion of this response. We further 1 1 0
reveal an intriguing evolutionary conserved interaction between exogenous Zn levels and 1 1 1
AzA dependent defence pathways to regulate root growth. The AZI1 gene is involved in the root growth response to low Zn conditions. 1 1 5
To identify genetic components that regulate plant growth upon low Zn (-Zn) conditions, we Arabidopsis thaliana ( Figure S1A ) from the RegMap population 22 grown on +Zn and -Zn 1 1 8 medium over 7 days (Table S1 -2). Importantly, while still being correlated, the root growth of To assess whether these root growth responses were specifically due to the -Zn treatments, we 1 2 1 determined mRNA levels of four Zn-deficiency responsive marker genes ZIP3, ZIP5, ZIP12 1 2 2 23 and PHO1;H3 24 in the Col-0 accession under our screening conditions. All of these four 1 2 3
genes were significantly up-regulated in -Zn conditions ( Figure S2 ), demonstrating that the 1 2 4 plants sensed and responded to the -Zn conditions. 1 2 5
In the panel of screened accessions, we observed broad phenotypic variation for root length 1 2 6 ( Figure S3 ) that was highly heritable (broad sense heritability (H 2 ) ranging 25 from 0.36 to 1 2 7 0.44) (Table S3 ). We then conducted Genome Wide Association Studies (GWASs) using the 1 2 8
AMM method that corrects for population structure confounding 26 , to identify loci that were 1 2 9 associated with root length under -Zn ( Figure 1A , Figure 1B , Figure S4 and Figure S5 ). We 1 3 0 then corrected the association P-values for all SNPs for multiple testing using the Benjamini- identified two chromosomal regions associated with root length in -Zn conditions. On 1 3 7 chromosome 2, the significant peak (P-value = 3.27*10 -7 ; FDR ≈ 7%) was located in a region 1 3 8 with a cluster of similar genes encoding a Cysteine/Histidine-rich C1 domain family 1 3 9
(At2g21810). It was detected on the last day of the time course (day 7). These proteins require 1 4 0
Zn ions for their function 28 (pfam, PF00130). On chromosome 4, the significant peak (P-value 1 4 1 = 4.40*10 -7 ; FDR ≈ 6%) was located in in a region that contains the lipid transfer protein 1 4 2 (LTP)-like AZI1 (At4g12470) gene and the 7 additional genes encoding for lipid transfer 1 4 3 proteins as a cluster ( Figure 1B and Figure 1C ). This peak was already detected early in the The authors declare no competing financial interests. We used 230 different genotype of A. thaliana from different geographic origins (Table S1 , Figure S1A ) and for each genotype grew 12 seedlings. to the level of the control gene ubiquitin10 mRNA (UBQ10: At4g05320). For every sample, Wild-type strain of Azospirillum brasilense is used in this study 54 . These bacteria strains were 4 6 1 cultivated and inoculated in plant culture medium as described previously 55 For GWAS, mean total root length values of 230 natural accessions were used (Table S1, S2).
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The GWA analysis was performed in the GWAPP web interface using the mixed model algorithm (AMM) that accounts for population structure 26 and using the SNP data from the 4 8 0
RegMap panel 57, 58, 22 . Only SNPs with minor allele counts greater or equal to 10 were taken Benjamini-Hochberg-Yekutieli correction. Col-0 or Sq-1 on -Zn conditions and shown as relative to +Zn condition (5 DAG). Five independent T3 lines were considered for this analysis. Relative expression was quanti ed in three biological replicates using RT-qPCR. The Ubiquitin gene was used as an internal reference. (B) Primary root length of azi1 lines complemented with pAZI1:AZI from either Col-0 (n=50), Sq-1 (n=50) or the empty vector (n=10) on -Zn conditions (5 DAG). For each genotype, three repeats each containing ve independent T3 lines. Box plots show analysis of the relative gene expression of AZI1 (A) and primary root length (B) in of azi1 lines complemented with pAZI1:AZI from either Col-0, Sq-1 or the empty vector on -Zn conditions. Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles. Letters a, b and c indicate signi cantly di erent values at p <0.05 determined by one-way ANOVA and Tukey HSD. 
